Introduction
Understanding cortical network function benefits from classification of neuron types present in the network. Neocortical neurons are classified into 2 broad types: glutamatergic pyramidal and c-aminobutyric acid (GABA)ergic nonpyramidal neurons (Peters and Jones 1984) . Specific expression patterns for several neuropeptides and calcium-binding proteins in subpopulations of GABAergic neurons has allowed further characterization of specific cell subtypes (Hendry, Jones, DeFelipe, et al. 1984; Somogyi et al. 1984; DeFelipe 1993; Kubota and Kawaguchi 1997) . Interestingly, chemical subtypes correlate well with electrophysiological and morphological characteristics Cauli et al. 2000; Kawaguchi and Kondo 2002; Markram et al. 2004; Toledo-Rodriguez et al. 2004 .
In the rat frontal cortex, more than 90% of GABAergic neurons express at least one of following 6 peptides/proteins: parvalbumin (PV), calretinin (CR), alpha-actinin-2 (AAc), somatostatin (SOM), vasoactive intestinal polypeptide (VIP), and cholecystokinin (CCK) (Uematsu et al. 2008) . Calbindin, another calcium-binding protein, is expressed mostly in SOM or PV cells ). There are intimate correlations between the 6 chemical subtypes and other intrinsic characteristics, such as dendritic and axonal morphology, firing properties, and connection patterns (Karube et al. 2004; Kawaguchi et al. 2006) . Similar kinds of analyses have been done for GABAergic neurons in other cortical areas and species, but conclusive agreement on GABAergic neuron subtype number and nomenclature has not yet been obtained (Petilla Interneuron Nomenclature Group et al. 2008) .
In addition to SOM, VIP, and CCK, the neocortex expresses other peptides including neuropeptide Y (NPY) and corticotropin-releasing factor (CRF; Demeulemeester et al. 1988; Yan et al. 1998; Vruwink et al. 2001; Gallopin et al. 2006; Karagiannis et al. 2009 ). NPY controls cortical neuron excitability and inhibits the development of epilepsy (Colmers and El Bahh 2003; Baraban and Tallent 2004) , whereas CRF promotes convulsive seizures (Ehlers et al. 1983; Pascual and Heinrichs 2007) . In accordance with their opposing physiological effects, it is likely that NPY and CRF are expressed in different subpopulations of GABAergic neurons (Demeulemeester et al. 1988; . Some NPY cells express both substance P receptor (SPR) (Kaneko et al. 1994 ) and nitric oxide synthase (NOS) (Vruwink et al. 2001) .
One distinct correlation between morphological and molecular profiles in cortical GABAergic cells is the higher spine density in SOM-positive cells with ascending local axonal arbors than other classes (Kawaguchi et al. 2006) . However, it remains to be investigated whether the higher spine density is preserved among SOM cells composed of further subclasses such as cells positive for NPY and SPR. Some neurogliaform cells express NPY, while others express AAc (Uematsu et al. 2008; Karagiannis et al. 2009 ), but it is unknown whether these are distinct subpopulations of neurogliaform cells or whether NPY and AAc can be colocalized. In order to better understand the diversity of neocortical GABAergic neurons, we compare the coexpression patterns of CRF, NPY, SPR, and NOS with the expression of 6 previously identified molecular markers. In addition, we investigated correlation of spine density with specific molecular subclasses of neuron and also that of neuronal morphologies with AAc expression. We demonstrate that the cortex contains a limited number of combinations of these markers in contrast to the highly messenger RNA (mRNA) diverse patterns previously reported among GABAergic cells ) and further correlate neuron morphologies with their molecular subclasses.
Materials and Methods
All experiments were conducted in compliance with the guidelines for animal experimentation of the Okazaki National Research Institutes.
Antibodies and Their Specificity
Primary antibodies (PAs) used are listed in Supplementary Table 1 . We used following chemical markers of cortical GABAergic cells: AAc (NCBI gene symbol, Actn2), CCK (Cck), CR (Calb2), CRF (Crh), NOS (Nos1), NPY (Npy), PV (Pvalb), SOM (Sst), SPR (Tacr1), and VIP (Vip). Anti-VIP serum was obtained from rats immunized for vasoactive intestinal peptide (Sigma, V6130) conjugated with bovine serum albumin (BSA). No immunoreactivity was observed in sections incubated with the antibody preadsorbed with an excess (10 -5 M) of VIP. It was confirmed by double immunofluorescence that the rat and rabbit antiserum against VIP stained the same population of cells in the rat frontal cortex. Among 240 VIP cells immunoreactive for the rat or rabbit antisera, 221 cells were also positive for both (100% for rat one and 92.1% for rabbit one). The other PAs were obtained kindly from researchers or commercially (Supplementary Table  1 ). Secondary antibodies used are listed in Supplementary Table 2 and did not show the cross-reactivity for the simultaneously applied PAs raised in the different species.
Dual or Triple Fluorescence Immunohistochemistry
After anesthesia with an overdose of Nembutal, male Wistar rats (4--8 weeks postnatal) were perfused through the heart with 10 mL of a solution of 250 mM sucrose, 5 mM MgCl 2 in 0.02 M phosphate buffer (PB, pH 7.4), followed by 200 mL of fixative containing 4% paraformaldehyde, 0.05--0.1% glutaraldehyde, and 0.2% picric acid in 0.1 M PB. Fixed brains were put in 15% sucrose in PB overnight followed by 30% sucrose in PB overnight before sectioning on a cryostat. Slices were put on a cryostat and sectioned at thickness of 4--8 lm.
For double or triple immunofluorescence, sections were incubated with 2 or 3 types of PAs in Tris-buffered saline (TBS) containing 10% normal goat serum (NGS) (or normal horse serum), 2% BSA, and 0.5% Triton-X (TX) overnight (Supplementary Tables 3 and 4) , followed by a mixture of corresponding secondary antibodies of different fluorescences without cross-reactivity for the other PAs in individual combinations (Supplementary Table 2 ). After washing in TBS, the sections were mounted on gelatin-coated glass slides and dried. The sections were coverslipped with 50% glycerin in TBS or with Vectashield (Vector Laboratories).
We obtained the quantitative data from the medial agranular cortex corresponding to the secondary motor area (Fr2) of rats. At least 3 discrete sections were used from individual animals (3 rats). At first, the fluorescence image of immunostained sections was captured at individual wavelengths with 34 lens by CCD camera (Olympus DP70) attached to the fluorescence microscope (Olympus BX60). At this magnification, we identified the cortical area (medial agranular cortex) and layers (I, II/III, V, and VI) (Kubota et al. 2007 ). In the medial agranular cortex examined here, layer IV is not clearly identified. The middle portion receiving the thalamic input including layer IV was tentatively included into layer II/III ( Supplementary Fig. 8 ). The regional and laminar border were drawn by Photoshop (Adobe systems). Next, we ticked off each immunopositive cell with distinct markers made for all combinations of labeling as well as the case hard to discriminate and simultaneously counted the number of individual classes using the cell-counting software (written by ourselves) working in conjunction with Photoshop. Thereafter, we confirmed the classification at 340 lens of the fluorescence microscope and identified the cells difficult to discriminate at the first stage, correcting the cell number of each class.
Slice Preparation and Whole-Cell Recording from Layer I Cells Oblique horizontal sections with 300 lm thickness were cut along the line of rhinal fissure from rat frontal cortex (19--23 days postnatal), immersed in a buffered solution (NaCl, 124.0; KCl, 3.0; CaCl 2 , 2.4; MgCl 2 , 1.2; NaHCO 3 , 26.0; NaH 2 PO 4 , 1.0; glucose, 10.0; in mM) aerated with a mixture of 95% O 2 and 5% CO 2 . Cells in the frontal cortex (medial agranular cortex) were visualized using a 340 water immersion objective and recorded in whole-cell current-clamp mode at 32°C. The electrode solution for the current-clamp recording consisted of potassium gluconate 130, NaCl 1.8 MgCl 2 1.8, adenosine triphosphate 2.8, guanosine triphosphate 0.3, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 10, and biocytin 20 mM. The pH of the solution was adjusted to 7.3 with KOH, and the osmolarity was adjusted to 290 mOsm. Current-clamp recordings were made using a MultiClamp 700B (Molecular Devices). Electrophysiological data were analyzed by IGOR Pro (WaveMetrics).
Tissue slices containing biocytin-loaded cells were fixed by immersion in 4% paraformaldehyde and 0.2% picric acid overnight. Slices were resectioned to a thickness of 50 lm and were processed for fluorescence immunohistochemistry. Sections were incubated with anti-AAc (mouse monoclonal EA53, Sigma A7811; 1:100 000) and anti-CR (rabbit, Swant 7696; 1:4000). After washing in TBS, they were incubated in Alexa 594-and Alexa 488-conjugated secondary antibody for 2 h, followed by incubation with Alexa 350 streptavidin (1:4000; S-11249, Molecular Probes) for 40 min. After examination for fluorescence, the sections were incubated with ABC complex (Vector laboratories) in TBS containing 0.04% TX and reacted with Ni-diaminobenzidine tetrahydrochloride (DAB) and H 2 O 2 in 0.05 M Tris--HCl buffer. They were then postfixed in 1% OsO 4 in PB for 20 min, dehydrated, and flat-embedded on glass slides in Epon. Somata, axons, and dendrites were 3D reconstructed using the Neurolucida system (MicroBrightField).
Type 2 Vesicular Glutamate Transporter Immunohistochemistry
For quantitative identification of layer I (L1) sublaminae in relation to morphologies of L1 cells, fixed slices were resectioned at 50 lm thickness. The sections were incubated with anti-type 2 vesicular glutamate transporter (VGLUT2) (guinea pig, Chemicon AB2251; 1:2000) in TBS containing 10% NGS, 2% BSA, and 0.04% TX-100 overnight at 4°C. Then the slices were incubated in biotin-conjugated secondary antiserum, followed by ABC complex incubation, staining with DAB, and embedding in Epon. To see VGLUT2 distribution, we also used a fluorescence secondary antibody.
NADPH Diaphorase Histochemistry in Combination with Fluorescence Immunohistochemistry
Wistar rats were perfused with the fixative containing 4% paraformaldehyde. The sections (50 lm thick) were processed for NADPH diaphorase histochemistry by incubating in a solution containing 1 mg/ mL NADPH and 0.2 mg/mL nitroblue tetrazolium in PB at 4°C for 5 min. After washing, they were incubated with the rabbit serum against SPR (1:500), followed by incubation with a secondary antibody.
Fluorescence Detection of Vicia villosa (VVA) Binding in Combination with Immunohistochemistry Vesicular GABA transporter (VGAT)-Venus transgenic rats express the fluorescent protein Venus in GABAergic neurons (Uematsu et al. 2008) . VGAT-Venus transgenic rats were generated by Drs Y. Yanagawa, M. Hirabayashi, and Y.K. at National Institute for Physiological Sciences, using pCS2-Venus provided by Dr A. Miyawaki. VGAT-Venus rats are distributed from The National BioResource Project for the Rat in Japan (http://www.anim. med.kyoto-u.ac.jp:80/nbr/default.aspx). Venus expression in frontal GABAergic cells is stable in the succeeding offspring. VGAT-Venus rats (line A) were perfused with the fixative containing 4% paraformaldehyde, 0.1% glutaraldehyde, and 0.2% picric acid. The sections (50 lm thick) were incubated with biotinylated VVA (40 lg/mL; Vector Laboratories) and the rabbit PA against PV (1:1000) in PB containing 10% NGS, 2% BSA, and 0.5% TX overnight. After rinsing, the sections were reacted with Alexa 594-conjugated avidin and an anti-rabbit Alexa 350-conjugated secondary antibody (Molecular Probes).
Fixed Slice Injection
Wild-type Wistar rats or VGAT-Venus rats were perfused with the fixative containing 4% paraformaldehyde and postfixed for 30 min. Slices of 300 lm thicknesses were cut on a vibrating slicer. Sections from VGAT-Venus rats were processed for NADPH diaphorase histochemistry, and those from wild-type rats were incubated with fluorescein isothiocyanate (FITC)-conjugated VVA (40 lg/mL; Vector Laboratories) (Ojima 1993) . After rinsing, sections were placed in a chamber (filled with PB) on the stage of a fluorescence microscope (Leica DM-LFS). Under direct observation, cell bodies labeled with FITC-conjugated VVA or positive NADPH diaphorase were penetrated with a sharp glass pipette filled with Lucifer yellow (LY) (Sigma; 8% in 0.05M Tris--HCl buffer, 100--120 MX) and stained by negative currents (7--10 nA, 2 min; voltage clamp mode of multiclamp 700B, Axon Instrument). Slices containing neurons filled with LY were fixed in 4% paraformaldehyde, 0.1% glutaraldehyde, and 0.2% picric acid overnight and resectioned to 50 lm thickness. The images of stained neurons were observed by a confocal microscope (FV1000; Olympus) with a 360 objective lens (step size, 0.5 lm). The somata and dendritic arborizations were reconstructed by Autoneuron and image stack module of Neurolucida (MicroBrightField).
Data are given as mean ± standard deviation. Mann--Whitney test was used for confirmation of significant differences between 2 classes.
Results
In order to reveal the coexpression rules of GABA cell chemical markers, first we investigated coexpression patterns of CRF, NPY, SPR, and NOS with the basic 6 chemical markers. Second, we compared morphological distinctions between SOM cells with or without SPR and those between layer I cells expressing AAc or CR to further confirm the structural differentiation according to the chemical marker expression pattern.
Colocalization Patterns of CRF, NPY, SPR, and NOS with the Basic 6 Chemical Markers
Morphological Diversity of CRF-Positive GABAergic Cells Using layer II/III (L2/3) CRF cells stained intracellularly with biocytin and identified by immunofluorescence in the previous study (Karube et al. 2004 ), we reanalyzed their morphologies. Their axonal contact preference for somata and their vertical innervation pattern revealed them to consist of 3 morphologically distinct subtypes: small basket neurons, descending basket neurons, and double bouquet cells ( Supplementary  Fig. 1 ). The somatic bouton percentages of small and descending basket cells were larger than 20%, but those of double bouquet cells were smaller than 5%. Unlike small basket cells, descending basket cells had downward axon collaterals with multiple boutons on other cell bodies. However, the number of primary dendrites issuing from the soma was similar in both neuron types (2.2 ± 0.4; range: 2--3), as was spine density (0.94 ± 0.71 per 10 lm of dendritic length). Similar numbers of primary dendrites and spine densities are typical of VIP-and CCK-positive neurons (Kawaguchi and Kubota 1996; Kawaguchi et al. 2006) .
CRF Cells Belong to VIP and SOM Cell Groups
Colocalization of CRF with other chemical markers was investigated by double or triple immunofluorescence (Fig. 1) . All CRF cells in L2/3 were positive for GABA (n = 204 cells, 3 rats), as were those in layer V (L5) (n = 109) and layer VI (L6) (n = 87). CRF-expressing cells made up 22% of GABA-positive cells in L2/3, 19% of cells in L5, and 22% of cells in L6.
Almost all CRF cells were negative for PV ( Supplementary Fig.  2 ). CRF cells in L2/3 were almost always negative for SOM, but 25--35% of those in L5 and L6 expressed SOM, while 20--25% of all SOM-positive cells in deep layers were also positive for CRF ( Supplementary Fig. 2 ). AAc cells were mostly negative for CRF (2 CRF cells/153 AAC cells in L2/3; 2/62 in L5; none/86 in L6).
VIP was expressed by 90% of L2/3 and 60% of L5/6 CRFpositive cells ( Supplementary Fig. 2 ). CCK was expressed in 40% of L2/3 and 20% of L5/6 CRF-positive neurons, while CRF is expressed in 50% of L2/3/5 and 30% of L6 CCK-positive cells.
In L2/3, very little overlap ( <10%) was observed in CRF and CR expression. In deeper layers, 70--80% of CRF cells were negative for CR, whereas 85% of CR-positive neurons were negative for CRF ( Supplementary Fig. 2 ). These observations show that the majority of CRF-expressing cells coexpress VIP or SOM in a layer-dependent manner. By triple immunofluorescence for CRF, SOM, and VIP ( Fig.  1A) , we found that SOM/CRF cells were devoid of VIP and that VIP/CRF cells were devoid of SOM (Fig. 2) . About 80% of CRF cells expressed VIP or SOM. Combined with the above double immunofluorescence results, CRF cells appear to be divided into a large VIP-expressing group (CRF/VIP cells) and a smaller SOM-positive population (CRF/SOM cells).
Using triple immunofluorescence for CRF, CCK, and VIP (Fig. 1B) , we further found that few CRF cells expressed CCK without VIP (2.7% in L2/3, 3.1% in L5, and 6.8% in L6) (Fig. 2) . Among CCK cells coexpressing CRF or VIP, most expressed both VIP and CRF (89% in L2/3, 83% in L5, and 63% in L6). These data suggest the existence of a distinct population of GABAergic interneurons that coexpress CRF, CCK, and VIP (CRF/CCK/VIP cells).
By triple immunofluorescence for CRF, CR, and VIP (Fig. 1C) , we found no CR-positive cells coexpressing CRF in the absence of VIP. On the other hand, among CRF cells expressing VIP, CR was coexpressed in 13% of L2/3 cells, 58% of L5 cells, and 63% of L6 cells (Fig. 2) . This suggests that CRF-expressing cells are NPY and CRF Belong to Distinct GABA Cell Subgroups Because the Venus-positive neuron population overlaps almost perfectly with GABA immunoreactivity in VGAT-Venus-A rats (Uematsu et al. 2008) , we confirmed that NPY cells were GABAergic and measured the proportion of NPY cells in the total GABAergic (Venus-positive) population. NPY was not detected in layer I (L1) Venus cells (n = 367). Almost all NPY cells were positive for Venus (214 cells/217 NPY cells in L2/3; 142/143 in L5; 101/102 in L6). NPY cells made up 9.6% of Venus cells in L2/3 (n = 2234), 7% in L5 (n = 2024), and 9.6% in L6 (n = 1047) (Gonchar et al. 2007 ). NPY cells were mostly negative for CRF (8 CRF cells/257 NPY cells in L2/3; 2/198 in L5; none/182 in L6). These data suggest that most CRF and NPY cells belong to distinct GABA cell populations.
NPY Is Expressed in Subpopulations of SOM or AAc Cells
NPY is expressed in SOM cells (SOM/NPY cells), but there are NPY cells negative for SOM . CCK is not expressed in NPY cells . Therefore, we reexamined coexpression of NPY with the other major markers. Most NPY cells were also devoid of PV, VIP, and CR ( Supplementary Fig. 3 ) but partially positive for AAc ( Fig. 3A ; AAc/NPY cells). Most AAc cells were positive for NPY in L2/3 (95.1%), L5 (100%), and L6 (94.3%) (Fig. 3B) , and AAc was expressed in 32.1% of NPY cells in L2/3, 20.2% in L5, and 39.5% in L6.
On the other hand, almost all L1 AAc cells were negative for NPY (Fig. 3) . Therefore, a distinction exists between AAcpositive cells in L1 and those in other cortical layers. AAc cells recorded in L2/3 and L5 were late-spiking (LS) neurogliaform cells (Supplementary Fig. 4 ; Uematsu et al. 2008) . Thus, AAc and NPY cells found in other layers than L1 include LS neurogliaform cells.
Most NPY Cells Express SOM or AAc
Since SOM and AAc were often found to be coexpressed with NPY, we investigated the relationship of these chemical markers by triple immunofluorescence (Fig. 4A) . We found no NPY cells positive for both SOM and AAc (Fig. 4C ), yet most NPY cells were positive for either SOM or AAc (77.3% of NPY cells in L2/3; 80.4% in L5; 84.7% in L6). These suggest that the majority of NPY cells belong to 1 of 2 distinct subpopulations: SOM/NPY or AAc/NPY cells.
In the Striatum NPY Cells Do Not Express AAc
In the striatum, AAc is strongly expressed in medium-sized spiny projections cells and weakly in interneurons types (Dunah et al. 2000) . Compatible with cortical expression in LS cells, AAc projection cells in the striatum are of LS type (Kawaguchi 1997) . On the other hand, striatal NPY cells are of low threshold spike (LTS) type . We confirmed that NPY cells were devoid of AAc in the striatum. One hundred NPY cells sampled from various subregions of striatum lacked AAc immunoreactivity (Supplementary Fig. 5 ; Kubota and Kawaguchi 1993; Dunah et al. 2000) . These observations suggest that somatic expression of AAc is found in LS GABAergic cells both in the striatum and in the cortex and that NPY is expressed in LTS interneurons in the striatum but in both LS and non-FS/non-LS interneurons in the frontal cortex.
Most SPR Cells Express both SOM and NPY SPR is expressed in nonpyramidal cells strongly immunoreactive for NOS (Vruwink et al. 2001 ) that are positive for SOM and NPY . Next, we examined the relationship in expression of SPR, SOM, and NPY by triple immunofluorescence (Fig. 4B) . Almost all SPR cells were positive for both NPY and SOM (85% in L2/3 and 100% in L5 and L6; Fig. 4D ; SOM/ NPY/SPR cells). On the other hand, SPR cells constituted onefourth to third of SOM/NPY cells (22.4% in L2/3, 33.6% in L5, and 23.4% in L6; Fig. 4D) .
A few SPR cells were negative for both NPY and SOM in L1 and L2/3 (Fig. 4D and data not shown) . We confirmed that SPR cells negative for NPY were GABAergic by triple fluorescence (data not shown). These suggest that most SPR cells coexpress SOM and NPY but demonstrate the existence of a second subtype in superficial layers that express SPR, lacking SOM/ NPY.
Two Types of NOS Cells Were Found in the Specific Subgroups of GABA Cells in the Frontal Cortex By NOS immunostaining, in addition to cells strongly positive for NOS, we found faintly stained NOS cells in the frontal cortex ( Supplementary Fig. 6A ). In contrast, only strongly stained NOS cells were found in the striatum ( Supplementary  Fig. 6B ). These cortical NOS cells are considered to correspond to the type II NOS cells having small and lightly stained somata as reported in the primate (Yan et al. 1996; Smiley et al. 2000) and recently also in the rat (Cho et al. 2010) .
In the rat neocortex, NOS-positive cells are a subpopulation of SOM cells, expressing SPR (Vruwink et al. 2001 ). We investigated whether SOM/SPR cells were strongly positive for NOS and whether SOM cells without SPR expression were positive for NOS or not. Almost all SOM/SPR cells were positive for NOS ( Fig. 5A ; 100% in L2/3, n = 35; 100% in L5, n = 40; 100% in L6, n = 36), with the intense fluorescence mostly. In contrast, few SOM cells without SPR expression were immunoreactive for NOS (stained faintly in most cases; 3.6% in L2/3, n = 428; 0.5% in L5, n = 435; 0.9% in L6, n = 228).
Next, we investigated NOS immunoreactivity in the remaining 5 major chemical subgroups. faintly stained NOS cells were found in some of PV cells ( Fig.  5B,C; 4.3% in L2/3, 11.3% in L5, and 24.9% in L6; PV/NOS cells, stained faintly), and AAc cells ( Fig. 5D,E ; 26% in L1, 34.1% in L2/ 3, 19.2% in L5, and 28.9% in L6; AAc/NOS cells, stained faintly). These results suggest that NOS is selectively expressed in specific multiple subpopulation of frontal GABA cells with different expression levels.
Morphological Distinctions between the Chemical Subgroups of Frontal GABA Cells We compared the morphological or physiological properties between the layer I chemical subclasses or the SOM subclasses to further validate the morphological or physiological differentiation. Dendritic and Axonal Differentiation of L1 Cells According to Expression Patterns of CR and AAc L1 neurons expressing AAc were negative for NPY. Previous studies have shown that most L1 GABAergic neurons express AAc or CR, with some overlap of the 2 chemical markers (Uematsu et al. 2008 ; AAc-only, CR-only, and CR/AAc cells). Since some L1 neurons are LS cells (Chu et al. 2003) , we tested for correlation of morphological or physiological characteristics with AAc or CR expression. We identified L1 cells positive for AAc or CR by a combination of intracellular labeling with immunofluorescence. We found 9 AAc-only cells, 4 CR/AAc cells, and 1 CR-only cell ( Fig. 6 ; Supplementary Table 5) . As previously reported (Chu et al. 2003) , about half L1 cells showed the LS-like behavior in response to the near-threshold current injection (Fig. 6B3,D3 ). However, we found no correlation between LS firing characteristics and chemical expression of AAc and CR ( Fig. 6 ; number of LS-like cells were 5 among 9 AAc-only cells, 2 among 4 AAc/CR cells, and none of one CR-only cell). Therefore, there is less correlation between LS firing and AAc expression in L1 than exists in L2/3 (Uematsu et al. 2008) .
Dendritic reconstructions of AAc-only cells revealed that their dendrites branched more frequently (P < 0.05) and had narrower horizontal spreads (P < 0.01) than the dendritic fields of CR (CR/AAc and CR-only) cells (Fig. 7) (Supplementary Fig.  7 ; Supplementary Table 5 ). Primary dendrite number was larger in AAc-only cells than CR cells (Supplementary Table 5 ). Axon collaterals of AAc-only cells were mostly restricted in L1, ramifying locally and extending horizontally ( Fig. 6 ; L1 local horizontal arbor cells). In contrast, axon collaterals of all CR cells descended into L2/3 and, in some cases, into L5, concurrently with horizontal arbors ( Fig. 6 ; L1 wide arbor cells). To estimate the relative somatic innervation of other cells, we counted the proportion of somatic appositions among the axonal boutons in L1 and L2/3 (at least 200 boutons used). The somatic apposition proportion was higher in CR cells than in AAc-only cells (P < 0.01; Supplementary Table 5) .
To quantify the relationship between somatic location and dendritic extension, we analyzed dendritic lengths in 6 depth divisions of L1 (Fig. 7B) . The dendrites of CR cells extended into most divisions and also into L2 (Fig. 7B2) . AAc-only cells in upper L1 had dendrites restricted to the upper one-third, while AAc-only cells in the middle and lower parts of L1 extended dendrites primarily within the lower two-thirds of L1 (Fig.  7B1,C) . The cross-sectional area of somata was not different between the classes, but deeper cells tended to be larger (P = 0.08 in AAc-only cells).
The depth-dependent dendritic arborization may reflect the specific distribution of afferent inputs. Thalamocortical fibers expressing the VGLUT2 terminate in L1 (Yamamoto et al. 1990; Fujiyama et al., 2001) , and VGLUT2 immunoreactivity is denser in upper L1 than in lower L1 (Supplementary Fig. 8 ). The border between VGLUT2-rich and VGLUT2-poor sublaminae was 37 ± 6% of the distance from the pia to the border of L1/L2, indicating that zones 1--2 were VGLUT2-rich and zones 3--6 VGLUT2-poor in Figure 7 . The dendrites of superficial L1 AAconly cells appear to receive more thalamocortical inputs than do CR/AAc and CR-only neurons, suggesting they are functionally different subtypes.
Spine Formation Is Correlated with SPR Expression in SOM-
Positive Cells SPR cells express NOS strongly (Vruwink et al. 2001 ) and were a distinct chemical subpopulation of the SOM/NPY cell group. Most SOM cells in the cortex have moderately spiny dendrites (Kawaguchi et al. 2006 ). Therefore, we had the questions whether SPR-positive SOM cells (SOM/NPY/NOS/SPR cells) were different in dendritic structures including the spine density from the remaining SOM cells.
Dendritic spine density varies within GABAergic interneuron subtypes (Kawaguchi et al. 2006) . SOM-positive Martinotti cells have a much higher spine density than other subtypes, while still being less spiny than cortical pyramidal neurons (Kawaguchi et al. 2006) . We examined the relationship between spine density and primary dendrite number in 6 representative GABAergic neuron subtypes using data previously collected from 3-week-old rats (Kawaguchi et al. 2006) . Fast-spiking (FS) basket cells (positive for PV) and SOM-positive Martinotti cells were easily differentiated by these 2 dendritic parameters ( Supplementary Fig. 9 ). Therefore, we compared the spine densities and primary dendrite numbers of SPRexpressing cells with those of SOM Martinotti cells in adult rats (8 weeks old).
SPR cells expressing NOS can be identified by NADPH diaphorase (NADPHd) histochemistry (Vincent and Kimura 1992) . We confirmed that nonpyramidal cells strongly reactive for NADPH diaphorase (NADPHd cells) were consistently immunopositive for SPR (Fig. 8A) . In order to investigate the morphologies of SPR/SOM cells, we injected LY into cells positive for NADPH diaphorase in fixed slices from the VGATVenus rat 8 weeks old (Fig. 8C) .
To compare with another subtype of cortical GABA cells, we injected LY into cells stained by a type of lectin, V. villosa agglutinin (VVA) that labels PV-positive GABAergic cells ( Fig. 8D ; Kosaka and Heizmann 1989; Ojima, 1993) . We confirmed that most VVA-binding cells were positive for PV in L2/3 (94.3% of 174 cells), L5 (95.1% of 164 cells), and L6 (95.7% of 69 cells) and most PV cells were labeled with VVA in 97.6% of 168 cells in L2/3, 98.7% of 158 cells in L5, and 94.3% of 70 cells in L6. VVA and PV were found to be colocalized in GABA cells (Fig. 8B ). This suggests VVA labels mostly PV cells in the rat frontal cortex.
We reconstructed LY-injected dendrites in 3 kinds of L5 nonpyramidal cells of rats 8 weeks old: 1) NADPHd-positive (n = 11), 2) NADPHd-negative Venus-positive (n = 20), and 3) VVA-positive nonpyramidal cells (n = 7) (Fig. 9A,B,C) . We quantified the number of primary dendrites and spine density at the dendrites farther than 100 lm away from the soma. Broad distribution of the primary dendrites and spine density suggests inclusion of various GABA subtypes ( Fig. 9D ; Supplementary Fig. 9 ).
The primary dendrite number of NADPHd cells (2.7 ± 0.8) was fewer than that of VVA cells (6.7 ± 2.3) (P < 0.01; Fig. 9D ), while the spine density of NADPHd cells (1.01 ± 0.63/10 lm) was higher than that of VVA cells. GABA cells injected with Lucifer yellow included NADPHd-negative ones with more spines than the others (e.g., cell marked by C in Fig. 9D ). Spine density of these moderately spiny NADPHd-negative cells (within dashed line-rimmed area in Fig. 9D ; 3.11 ± 0.37/lm, n = 5) was similar to that of SOM Martinotti cells (Supplementary Fig. 9 ) and higher than that of NADPHd-positive cells (P < 0.01; Fig. 9D ). These results reveal that SPR/NOS cells (a minor subpopulation of SOM cells [6.6% in L2/3, 8.6% in L5, and 8.4% in L6; Fig. 4 ]) are different in dendritic spine formation from most other SOM-positive cells in the adult rat, suggesting that they are not typical Martinotti cells.
Developmental Spine Changes Found in SPR/SOM Cells
In 3-week-old rats, we found that most SOM cells are moderately spiny, including both Martinotti and wide arbor cells (Kawaguchi and Kubota 1998; Uematsu et al. 2008 ; Supplementary Fig. 10 ). It is possible that we may have missed NADPHd-positive cells in vitro recording of 3-week-old rats, or NADPHd-positive cells might reduce the dendritic spine density during maturation. Therefore, we compared the spine density of NADPHd-positive cells of rats 3 and 8 weeks old.
First, we confirmed that NADPHd-positive cells significantly overlap with SPR-expressing cells in L5 of 3-week-old rats. All strong NADPHd-positive cells were positive for SPR (n = 31) and positive for SOM (n = 25). The spine density of 3-week-old NADPHd-positive cells (4.31 ± 0.89/10 lm, n = 5) was more than that of 8 weeks old NADPHd-positive cells (1.01 ± 0.63/10 lm, n = 11; P < 0.01; Fig. 10 ). These suggest that SPR/NOS cells may reduce their spine density during maturation.
Discussion
Neocortical GABAergic cells have been classified into molecular subtypes Gonchar and Burkhalter 1997; Cauli et al. 2000; Xu et al. 2010) . Most GABAergic cells in the rat frontal cortex have at least 1 of 6 chemical markers: PV, CR, AAc, SOM, VIP, and CCK, and their expression patterns correlate with their physiological, morphological, connectional, and pharmacological phenotypes Kubota et al. 2007; Uematsu et al. 2008) . In order to reveal interaction of chemical marker expression in cortical GABAergic cells and to clarify further the subtype diversity, we investigated the relationships of the above major 6 markers with CRF, NPY, SPR, and NOS. We also correlated chemical expression patterns with dendritic morphology and spine formation.
First, we found specific expression patterns for CRF, NPY, SPR, and NOS in the context of the major 6 chemical markers (Fig. 11 
Selective CRF Expression in Neocortical GABAergic Cells
Consistent with previous studies, most CRF cells were found to be positive for VIP (Demeulemeester et al. 1988; Gallopin et al. 2006) . In addition, L2/3 CRF-expressing neurons were negative for SOM, while a few of those in L5 and L6 were SOM positive and NPY negative. Morphologically, CRF cells included double bouquet and descending basket cells with narrow columnar axonal arbors. If deeper layer CRF/SOM cells belong to Martinotti cells with ascending axonal arbors, CRF cells may be mainly involved in the interlaminar integration, in addition to intralaminar inhibition of small basket cells.
GABA cells positive for both VIP and CCK frequently expressed CRF. Both CCK and CRF depolarize pyramidal cells through CCK-B and CRF-1 receptors (Gallopin et al. 2006) . CCK/CRF cells are excited by 5HT 3 and nicotinic receptors (Fe´re´zou et al. 2002 (Fe´re´zou et al. , 2007 Vucurovic et al. 2010) , whereas they are hyperpolarized by mu-opioids (Taki et al. 2000; Fe´re´zou et al. 2007 ). Therefore, acetylcholine, serotonin, and opioids likely control the excitability of vertically aligned pyramidal cells indirectly through VIP/CCK/CRF cells, in addition to their direct actions to pyramidal cells.
Selective NPY Expression in Neocortical GABAergic Cells
Neurogliaform cells in the primate neocortex are not of LS type, different from those in the rat, and also express NPY (Zaitsev et al. 2009 ). Rat neurogliaform cells are of LS type and express AAc (Kawaguchi 1995; Uematsu et al. 2008 et al. 2009 ), yet we cannot detect calbindin in rat AAc cells (Uematsu et al. 2008) . Unlike PV expression, calbindin expression may vary by species and cortical areas.
Recently, single-cell polymerase chain reaction has identified NPY mRNA in neurogliaform, SOM-positive Martinotti, and PVpositive FS cells (Karagiannis et al. 2009 ). However, we did not observe NPY immunoreactivity in PV cells, suggesting minimal, if any, translation of NPY mRNA in these neurons.
L1 AAc-only cells were negative for NPY expression. L1 AAconly cells extend their dendrites in a more sublamina-specific manner than do neurogliaform cells in other layers. In addition, L1 AAc-only cells exhibited less LS firing tendency than neurogliaform cells in L2/3. This suggests that chemically similar GABA cell subtypes may be functionally differentiated according to cortical layers. Consistent with this, hippocampal AAc cells show different firing characteristics depending the soma location (Fuentealba et al. 2008) .
We found NPY and CRF to be expressed in separate populations of GABAergic cells. Unlike CRF, which induces direct postsynaptic depolarization of pyramidal cells (Gallopin et al. 2006) , NPY suppresses glutamate release from excitatory terminals (Colmers and El Bahh 2003) . CRF is expressed in small basket cells with local arbors and narrow columnar arbor cells such as double bouquet and descending basket cells, whereas NPY is expressed in neurogliaform and wide arbor cells (Karube et al. 2004; Kubota et al. 2007; Uematsu et al. 2008) . In the striatum, the synaptic junction area of NPY wide arbor cells is independent of the target dendritic size, whereas that of FS basket cells depends on it (Kubota and Kawaguchi 2000) . Neurogliaform cells lack spatial specificity for GABAergic inhibition (Ola´h et al. 2009 ). Thus, CRF-expressing neurons may selectively innervate specific types and subdomains of postsynaptic target cells, whereas NPY-expressing neurons may provide less-selective regulation of neurons within a volume of cortical tissue. Such differences in functional innervation may be correlated to postsynaptic actions of CRF (direct depolarization of specific target neurons) and NPY (broad suppression of glutamate release) in target areas.
Two Types of NOS Cells
In the monkey and human, NOS/NADPHd cells are divided into 2 types (Lu¨th et al. 1994; Yan et al. 1996; Smiley et al. 2000) . Type I neurons have a large soma with stronger NADPHd reaction, whereas Type II neurons a small soma with weaker NADPHd reaction (Yan et al. 1996) . Recently, 2 types of NOS/ NADPHd cells have been found also in mice (Freire et al. 2005; Lee and Jeon 2005) , but type II NOS cells have not been chemically identified further. We showed that faintly labeled NOS cells include some PV cells especially in deeper layers and some proportion of AAc cells at any layers, in contrast with strongly labeled NOS cells positive for SOM/NPY/SPR. AAc cells in L2/3 and L5 include LS neurogliaform cells (Uematsu et al. 2008 ) and express NPY. These are consistent with some NOS expression in NPY neurogliaform cells (Karagiannis et al. 2009 ).
Layer I GABAergic Cell Heterogeneity By combination of intracellular labeling and immunohistochemistry for L1 cells, AAc cells had horizontal axonal arbors mostly restricted to L1 (L1 local horizontal arbor cells), whereas CR/AAc or CR cells wide axonal arbors including descending collaterals to L2/3 (L1 wide arbor cells) (Hestrin and Armstrong 1996; Chu et al. 2003) . The LS firing pattern was found in some L1 cells but did not correlate well with the 2 morphological subtypes. The dendritic pattern of L1 AAc-only cells was similar to LS neurogliaform cells in L2/3, but their axonal arbors extended more horizontally than L2/3 neurogliaform cells (Kawaguchi 1995; Karube et al. 2004; Kawaguchi et al. 2006; Uematsu et al. 2008) . Axonal arbors of L1 AAc-only cells were restricted within L1, but those of L2/3 AAc neurogliaform cells extend to both L1 and L2/3. Since NPY was expressed in L2/3, L5, and L6 AAc cells, but not in L1 AAc cells, L1 horizontal arbor AAc cells may form a specific functional subgroup different from neurogliaform cells in the other layers.
L1 horizontal arbor AAc cells were divided into 2 types with dendritic extensions in the upper one-third of L1 and in the lower two-thirds. The afferent excitatory fibers to L1 originate from the 3 major sources: 1) feedback corticocortical inputs from higher order areas, 2) thalamocortical inputs mainly from the thalamic matrix region, and 3) local ascending axon collaterals of pyramidal cells (Jones 2001; Shipp 2007) . The thalamic inputs distributed more in the upper one-third of L1 ( Supplementary Fig. 8 ). These indicate that L1 GABA cells functionally differentiate by receiving the selective excitation among diverse L1 inputs.
Spine Formation Patterns in Neocortical GABA Cell Subtypes The differences in spine density between cortical SPR-positive SOM cells and SPR-negative SOM Martinotti cells suggest a strict correlation between molecular and morphological patterns. Strong NOS-positive SOM cells (SPR positive) project to other cortical areas with long-distance collaterals, differently from NOS-negative SOM cells (SPR negative) (Tomioka et al. 2005) . NADPHd (strong NOS) cells are selectively activated during sleep differently from the other SOM cells (Gerashchenko et al. 2008) . These suggest that SPR cells are distinct from other SOM cells in both the synaptic inputs/outputs and state-dependent activity in the cortical circuitry.
In mature rats, we found spines to be more numerous in those SOM cells not expressing SPR. Given that SPR-positive and SPR-negative SOM neurons are similarly spiny in juvenile rats, it is likely that spine density decreases in SPR/SOM neurons during maturation. Spine density in L5 SOM-positive cells of 3-week-old rats is 2.3 ± 0.6/10 lm (n = 8) (Kawaguchi et al. 2006 ) and that in NADPHd-negative GABA cells with the higher spine density of 8-weeks-old rats 3.1 ± 0.4/10 lm (n = 5) in this study, although different counting methods of spine numbers were used. These support that SOM cells without SPR/NOS may preserve spines during maturation, different from SOM/SPR/NOS cells.
Synaptic inputs to GABAergic nonpyramidal cells are made mainly onto the dendritic shaft, with fewer inputs generated on spines. The dendritic shaft is structurally stable, but spines are frequently coming out and disappearing (Trachtenberg et al. 2002) . Synapses on the shaft may be made between dendrites and very nearby axons by axonal bouton formation (Wierenga et al. 2008) . Thus, synapse formation by spine protrusion is considered to select specific axons among the many presynaptic axon candidates. Additional studies will be needed to determine whether input onto GABAergic neuron spines is selective based on the presynaptic origin.
Similarity and Dissimilarity of GABAergic Cell
Organization between the Frontal Cortex and Striatum Both cortical and striatal GABAergic cells are generated at the ganglionic eminence and migrate to their destinations (Marı´n and Rubenstein 2001) . The subtype fate of neocortical GABAergic cells is already determined before their departure from the ganglionic eminence (Butt et al. 2005) . PV is expressed almost exclusively in similar kind of FS cells in both cortex and striatum (Kubota and Kawaguchi 1994; Kawaguchi 1997) , but AAc, NPY, SOM, and SPR expression patterns are different between these 2 forebrain structures. Cortical AAc cells, except L1 neurons, are NPY-positive neurogliaform cells, while striatal AAc cells are NPY-negative spiny cells. Interestingly, both exhibit an LS phenotype (Kawaguchi 1997) .
In the striatum, most SOM cells express SPR, but in the cortex, only a small population does. This suggests that SPRnegative SOM cells, specifically Martinotti cells, may selectively migrate into the cortex, but not into the striatum, during development. SOM Martinotti cells are supposed to be a unique GABA cell class exclusively found in the neocortex and may provide inhibitory regulation of multilaminar and columnar connections unique in the cortical circuits (Silberberg and Markram 2007; Otsuka and Kawaguchi 2009; Murayama et al. 2009 ).
In the striatum, the synaptic junction area made by PVexpressing interneuron axons linearly increases with the postsynaptic dendrite diameter but that by SOM/NOS/SPR cell axons is independent of the postsynaptic dimension (Kubota and Kawaguchi 2000) . Therefore, a comparison of synaptic structure between axon terminals of cortical SPR-positive and SPR-negative SOM cells may shed further light on their functional differentiation.
Thus, the cellular and synaptic organization of GABAergic interneurons in the neocortex is much more complicated than that in the striatum. Cortical GABA cells are proposed to compose of highly heterogeneous neurons (Parra et al. 1998; Markram et al. 2004 ). However, the regular and limited combinations of multiple chemical marker expression support the existence of a limited number of functionally distinct subtypes of GABA cells in the neocortex.
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